In Burkholderia pseudomallei, the pathogen that causes melioidosis, the gene cluster encoding the capsular polysaccharide, is located on chromosome 1. Among the 19 capsular genes in this cluster, wzm has not been thoroughly studied. To study the function of wzm, we generated a deletion mutant and compared it with the wild-type strain. The mutant produced less biofilm in minimal media and was more sensitive to desiccation and oxidative stress compared with the wild-type strain, indicating that wzm is involved in biofilm formation and membrane integrity. Scanning electron microscopy showed that the bacterial cells of the mutant strain have more defined surfaces with indentations, whereas cells of the wild-type strain do not.
Burkholderia pseudomallei is a Gram-negative, rod-shaped bacterium that causes melioidosis in both humans and animals. In humans, the signs and symptoms of melioidosis include septicemia and pneumonia [7] . The pathogenesis of this bacterium has attracted the attention of scientists, as melioidosis is endemic to various parts of the world and B. pseudomallei is resistant to many antibiotics [7] . To understand the molecular and cellular basis of B. pseudomallei pathogenesis, researchers first began to identify virulence determinants at both the genetic and proteomic levels, which include phospholipase C [22] , flagella [11] , lipopolysaccharide [12] , and capsular polysaccharide [30] . The last-mentioned has the potential to be used as a vaccine. Previous studies have shown that capsular polysaccharide is involved in the virulence of B. pseudomallei in Syrian hamster and in mice [2, 9, 30] . Moreover, capsular polysaccharide may protect B. pseudomallei from phagocytosis by reducing levels of complement C3 deposition [29] .
The organization of the capsular polysaccharide gene cluster of B. pseudomallei K96243 has been identified and annotated [20] . The cluster is located on chromosome 1 and comprises 19 genes located between nucleotides 3327179 and 3359841 [20] . Among these genes, wzm was chosen for this study because it is not well characterized compared with the other capsular genes in the cluster, such as those of the wcb operon [37] . Furthermore, using signature-tagged mutagenesis of wzm, it was shown that inactivation of the gene led to a decrease in survival of the pathogen in mice [9] .
The genetic organization of capsular polysaccharide genes in Gram-negative bacteria has been well studied in Escherichia coli [27] , Mannheimia haemolytica [25] , Haemophilus influenzae [23] , Salmonella Typhi [17] , Klebsiella pneumoniae [1] , and Erwinia stewartii [14] . Among these gene clusters, those of E. coli are the best studied [31] . Most of them consist of two types of regions involved in transport and biosynthesis. The export regions of most bacteria usually encompass an ABC transporter, which is a transmembrane protein that is energized by ATP hydrolysis to import and export oligopeptides and amino acids and also to export polysaccharides [15, 19] . The ABC transporter is usually organized in a similar manner in many Gram-negative bacteria. It consists of a hydrophobic integral membrane protein and a hydrophilic membraneassociated ATP-binding protein [13] . In B. pseudomallei, the products of wzm and wzt2 form the ABC transporter system that transports capsular polysaccharide across the cytoplasmic membrane [30] . Wzm and Wzt2 are highly similar to KpsM and KpsT of E. coli, CtrC and CtrD of Neisseria meningitides, and BexA and BexB of H. influenzae [30] .
Recently, Vanderlinde et al. [36] studied the role of the ABC transporter, which is encoded by nodI and nodJ, in Rhizobium leguminosarum. The mutant that they generated showed a decrease in desiccation tolerance and biofilm formation relative to the wild type [36] . In a study on K. pneumoniae, quorum sensing was found to affect biofilm formation through lipopolysaccharide synthesis, and the lipopolysaccharide synthesis-related genes wbbM and wzm were reported to be up-regulated [10] .
The goal of this study was to characterize wzm in B. pseudomallei. A local isolate from sheep, B. pseudomallei UKMS-01, was used, and the function of the gene was assessed under different environmental conditions. We constructed an unmarked and in-frame deletion wzm mutant (∆wzm) of B. pseudomallei and exposed it to osmotic, oxidative, and acidic stresses and desiccation. We also investigated in vitro biofilm formation of the wildtype and ∆wzm strains and used scanning electron microscopy (SEM) to observe cellular surface changes that may have occurred after the disruption of wzm.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Growth Conditions Table 1 lists the bacterial strains and plasmids used in this study. The growth media used in this study were previously described [32] . B. pseudomallei UKMS-01 and E. coli strains were grown at 37 o C on Luria-Bertani (LB) agar plates and LB broth or M9 medium [supplemented with 0.5% (w/v) casamino acids and 0.4% (w/v) glucose]. When generating the mutant, E. coli S-17 λ pir containing the pDM4 derivative was grown on Blomfield agar (10 g bacto-tryptone, 5 g bacto-yeast extract, supplemented with 10% sucrose) [5] .
Deletion of wzm in B. pseudomallei UKMS-01 (∆wzm) The cloning methods we used were previously described [32] . Upstream and downstream regions of wzm approximately 1 kb in size were amplified using the primer pairs 1-2 and 3-4, respectively, as listed in Table 2 and shown in Fig. 1A . Subsequently, the PCR products were ligated and reamplified with primer pair 1-4 to produce a 2,500 bp fragment, which was then subcloned into pGEMTEasy (Promega Corp., Madison, Wisconsin, USA) to generate pCWEasy. The ∆wzm allele was then cloned into pDM4 (carrying chloramphenicol and sacB markers) to produce pCW110. The unmarked and in-frame wzm deletion mutant was constructed by Cat-SCR-R AAATCCTGGTGTCCCTGTTG [26] a Primers 1-8 correspond to those shown in Fig. 1A .
b
Restriction sites used for cloning are underlined.
performing allelic exchange, chloramphenicol selection, and sacB counter-selection on a sucrose medium as previously described [24] . The identity of the ∆wzm strain was verified by PCR. A diagram depicting the primers used to amplify regions within the capsular polysaccharide gene cluster is shown in Fig. 1A .
SEM of Bacterial Cells
Both mutant and wild-type bacterial cell samples were observed via SEM. Briefly, bacteria were grown to the exponential phase in LB broth or M9 supplemented with 0.4% (w/v) glucose, centrifuged at 2,000 ×g for 15 min, and then processed as described previously [16] . The cells were viewed using a Leo Supra 50 VP Field Emission scanning electron microscope (Carl-Zeiss SMT, Oberkochen, Germany) equipped with an Oxford NCA 400 energy dispersion Xray microanalysis system (Oxford Instruments, Bucks, UK).
Biofilm Formation Assay
Biofilm formation assay was performed as previously described [6] . Approximately 100 µl of LB broth was added to the well followed by 1 µl of overnight cultures that were grown in LB at 37 o C. The wells were covered and incubated without shaking at 37 o C for about 18 h. Then, 1 µl from each well was transferred into triplicate wells containing 100 µl of fresh LB broth or M9 medium [supplemented with 0.5% (w/v) casamino acids and 0.4% (w/v) glucose]. Subsequently, the plates were incubated without shaking at 37 o C for 18 h. The medium in the wells was carefully removed and then the wells were stained with 150 µl of 1% (w/v) crystal violet for 30 min at room temperature. The stain was removed and the wells were washed twice with 175 µl of sterile deionized water. Crystal violet stain was solubilized by adding 175 µl of DMSO to each well. The absorbance was measured at 595 nm in a Bio Rad Model 680 microplate reader (Bio-Rad Laboratories, USA). Each strain was studied in triplicate to compare both mutant and wild-type strains.
Desiccation Survival Assay
To study the role of wzm in protecting bacteria from desiccation, survival of cells under conditions of dehydration was determined as previously described [28] but with slight modification. Ten microliters of overnight culture was spotted on Millipore filters, which were placed on LB plates and incubated at 37 o C for 18 h before desiccation. Subsequently, the filters were removed from the plates and placed in empty sterile petri dishes for 0, 1, 2, 3, or 3½ h at 37 , and 10 -6 was performed. The viable count (VC) was performed by plating 100 µl of resuspended cells on LB plates. The survival rate was then determined using the following formula: VC after drying / VC before drying × 100.
Sensitivity to Oxidative and Osmotic Stresses and Acidity (pH)
To test the susceptibility of bacteria to oxidative stress, disc inhibition assays were performed as previously described [4] . Briefly, a bacterial lawn was made on LB agar plates. Then, 6 mm paper discs containing 10 µl of increasing percentages (0%, 2.5%, 5.0%, 10%, 15%, 20%, 25%, and 30%) of hydrogen peroxide (H 2 O 2 ) were placed on the lawn and the plates were incubated at 37 o C overnight. The zone of inhibition was measured the following day. The test was performed in triplicate for each H 2 O 2 concentration.
To determine whether the ∆wzm strain is sensitive to osmotic stress, an osmotic stress assay was conducted as previously described To determine the effects of acidic conditions on wzm, both mutant and wild-type strains were spread onto LB agar plates that were adjusted to pH 5, with pH 7 as a control. Serial dilution of overnight cultures at 10 , and 10 -6 was performed and spread on the plates. Cell viability was determined by making viable counts. The viability was expressed as described above.
RESULTS

Markerless Deletion of B. pseudomallei wzm
To construct an unmarked deletion of wzm, we used a twostep process involving allelic exchange, chloramphenicol selection, and sacB counterselection on a sucrose medium. A recombinant (chloramphenicol-resistant colony) that had undergone a deletion of the chromosome was confirmed by PCR, as shown in Fig. 1B . To confirm that the deletion was not merodiploid, the absence of the chloramphenicol resistance gene was also checked using the primer pair 9-10 as listed in Table 2 (results not shown). Based on the results of these assays, we concluded that wzm was successfully deleted (Fig. 1B) , resulting in strain CW-01.
∆wzm Cells Have "Dented" Surfaces The cell surfaces of the ∆wzm (CW-01) and wild-type (UKMS-01) B. pseudomallei strains were compared by observing them via SEM. Fig. 2 illustrates that the wildtype strain has a smoother surface than the mutant strain, which has a rough and "dented" surface. This difference was observed for almost all of the ∆wzm cells; however, the organization or "clumping" of the cells was not noticeably different.
The ∆wzm Strain Produces Less Biofilm in Minimal Media
The role of wzm in biofilm formation was investigated using a standard microtiter plate assay. One of the major factors affecting biofilm formation is nutrient availability; therefore, we compared biofilm formation by the wild-type and mutant strains in rich and low-nutrient media. The results of experiments run in triplicate revealed that biofilm formation by the ∆wzm strain did not differ significantly from that of the wild type when grown in LB at 37 o C (p = 0.8350). However, biofilm formation by the mutant decreased by 45.7% (p = 0.0021) relative to the wild type when grown at 37 o C in M9 medium (Fig. 3A) . This result indicates that the efficiency of biofilm formation was reduced, but not totally obliterated, in the mutant strain in this medium. There was no difference in growth between the ∆wzm and the wild-type strains when grown in both LB and M9 media at 37 o C (Supplemental Fig. S1 ), indicating that the observation was not due to a growth defect caused by the deletion.
The ∆wzm Strain is Sensitive to Desiccation and Oxidative Stress but not Osmotic Stress and Acidity
In the desiccation survival assay, viable cell counts were taken from the 10 -6 dilution for both the ∆wzm and wildtype strains for comparison. After 1-3.5 h of desiccation treatment, a significant reduction in the number of viable cells occurred for the ∆wzm strain compared with the wild type (Fig. 3B) , and no viable cells were observed at 3.5 h for the mutant. The B. pseudomallei mutant strain was more sensitive than the wild-type strain to H 2 O 2 at a concentration of 30% (Fig. 3C) . No difference was observed between the two strains at the other H 2 O 2 concentrations tested. To determine whether deletion of wzm in B. pseudomallei affected the organism's response to hyperosmolarity (4 M NaCl), an osmotic stress assay was performed; no significant difference between the wildtype and ∆wzm strains was found (results not shown). Additionally, both strains were not sensitive to acidity. No decrease was detected in the percentage of viable counts for either the mutant or wild-type strains when they were grown on LB agar plates adjusted to pH 5 and 7 (results not shown). Thus, the ∆wzm strain was not adversely affected by osmotic stress or lower pH. Fig. 2 . B. pseudomallei ∆wzm mutant cells have "dented" surfaces.
Scanning electron micrographs of both B. pseudomallei strain UKMS-01 (A) and B. pseudomallei strain CW-01 (∆wzm) (B). Arrows indicate "dented" surfaces of ∆wzm mutant bacterial cells. The cells were observed at 20,000× magnification.
DISCUSSION
To study the functions of wzm in B. pseudomallei, an isogenic mutant was generated by deleting wzm. We assumed that wzm encodes a capsular polysaccharide export ATPbinding cassette (ABC) transporter transmembrane protein based on its amino acid homology to similar proteins of other microorganisms.
wzm and wzt2 in B. pseudomallei are thought to be translationally coupled, as the initiation codon of wzt2 overlaps the termination codon of wzm [30] . Reckseidler et al. [30] reported a loss of the capsule after wzt2 was disrupted. Furthermore, in Cuccui et al.'s [9] intranasal BALB/c mouse model of infection, a ∆wzm strain that was generated using a transposon mutagenesis system was less virulent than wild-type B. pseudomallei. However, they did not investigate the role of wzm in capsule production in B. pseudomallei.
In this study, we found that the phenotypic appearance of the ∆wzm strain differed from that of the wild-type strain when observed via SEM (Fig. 2) . The bacterial cell surface of the ∆wzm strain was rough and "dented" (Fig. 2B) . No previous reports have documented this morphological difference. The absence of the capsule that covers the bacteria might be responsible for the morphology of the surface of mutant cells. This difference suggests that disruption of wzm, which encodes a capsular ABC transporter transmembrane protein, may affect the structural integrity of the outer membrane of B. pseudomallei cells.
One of the suggested roles of capsular polysaccharide is to help bacteria adhere to surfaces and to each other, which in turn facilitates biofilm formation [8, 31] . Formation of a biofilm helps bacteria colonize various ecological niches; they then become more resistant to antimicrobial agents and host immune responses, and thus become sources of chronic infection [8] . Sarkar-Tyson et al. [33] demonstrated that capsular polysaccharide may play a role in adherence; the acapsular ∆wcbH mutant strain of B. pseudomallei that they generated showed decreased adhesion to hydrocarbon compared with the wild-type strain. This result suggested that capsular polysaccharide might be involved in biofilm formation, as was also reported for K. pneumoniae [10] .
In the in vitro biofilm formation assay, we found that B. pseudomallei lacking wzm produced 45.7% less biofilm than the wild-type strain at 37 o C (Fig. 3A) in minimal media. The Student's t-test indicated that the difference was significant, with p = 0.0021. However, no significant difference was observed between the two strains when LB medium was used (Fig. 3A) . This result may be due to the inhibitory effect of LB on the production of biofilm, as observed in other bacteria such as Bacillus cereus and Streptococcus mutans [3, 21, 34] , or it may indicate that other genes are also involved.
To understand the role of wzm as a capsular polysaccharide Fig. 3 . Role of wzm in B. pseudomallei biofilm formation and membrane integrity.
(A) Biofilm formation of the ∆wzm mutant was less than that of the wild type when grown at 37 o C in M9 medium. The graph shows mean adjusted OD readings taken at 595 nm±SEM for the biofilm formation assay. Asterisks (*) indicate p < 0.05 when biofilm formation of the ∆wzm mutant was compared with that of the wild type. (B) wzm is involved in membrane integrity during desiccation stress. Significant reduction in the number of viable cells was observed for the ∆wzm mutant compared with the wild type after desiccation for more than 1 h. No viable cells were observed at 3.5 h for mutants. This experiment was performed in triplicate and the percentages of survival are averaged. (C) The ∆wzm mutant strain is sensitive to H 2 O 2 -induced oxidative stress. An increased zone of inhibition was observed when 30% H 2 O 2 was applied. The experiment was done in triplicate. * shows p = 0.013, thus indicating a significant difference between the ∆wzm mutant and wild-type strains.
ABC transporter gene in B. pseudomallei, the ∆wzm strain was exposed to various stress conditions. We documented a reduction in viable cell counts for mutants compared with the wild type after the first hour of desiccation. This finding agrees with that of Ophir and Gutnick [28] , who showed that the acapsular strains of E. coli, Acinetobacter calcoaceticus, and E. stewartii were less resistant to desiccation than the respective wild-type strains. Furthermore, Vanderlinde et al. [36] demonstrated that a decrease in desiccation tolerance occurred when the mutagenized ATP-binding cassette transporter operon in R. leguminosarum decreased the production of capsular polysaccharide.
When we evaluated the potential role of wzm in handling oxidative stress, we found no significant difference in the diameter of the zone of inhibition between the mutant and wild-type strains at concentrations ranging from 2.5% to 25% H 2 O 2 . However, the mutant strain was slightly more sensitive to 30% H 2 O 2 than the wild-type strain. As H 2 O 2 -induced lethality is caused by its free diffusion through biological membranes and subsequent interaction with cellular substrates [18] , it is likely that ∆wzm was more susceptible to H 2 O 2 compared with the wild type owing to its compromised membrane structure. However, we did not detect a significant difference between the wild-type and mutant strains when they were cultured in M9 medium supplemented with 4 M NaCl (i.e., osmotic stress) or when they were cultured under acidic condition (pH 5). These results indicate that wzm is not involved in the organism's survival under the harsh conditions of high salinity and acidity. Additionally, lipopolysaccharide synthesis was shown to be linked to the expression of wzm in K. pneumoniae [10] ; therefore, we also compared the lipopolysaccharide production of the wild-type and ∆wzm strains in LB and M9 minimal media but did not notice any marked difference in the profile (Supplemental Fig. S2 ).
In conclusion, the ∆wzm strain exhibited differences in phenotype and morphology compared with the wild type. wzm may operate as part of the multiple regulatory mechanisms governing external stress response and is involved in membrane structure in B. pseudomallei. Although wzm was found to be involved in biofilm formation in minimal media, its sensitivity to oxidative stress and desiccation but not hyperosmolarity nor acidity is confounding and remains to be investigated. It would also be interesting to study the effect of wzm deletion on other functions such as signal transduction and quorum sensing.
